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SUMMARY 

This paper presents a s t r u c t u r a l  and a e r o e l a s t i c  a n a l y s i s  of a l a r g e  sca le  
advanced turboprop r o t o r  blade. This 8-blade r o t o r  i s  designed t o  operate a t  
Mach 0.8 a t  an a l t i t u d e  o f  35 000 f t .  The blades a r e  h i g h l y  swept and t w i s t e d  
and o f  spa r / she l l  cons t ruc t i on .  Due t o  t h e  complex i ty  o f  t h e  b lade geometry 
and i t s  h i g h  performance, i t  i s  subjected t o  much h ighe r  loads and tends t o  be 

03 much less  s t a b l e  than convent ional  blades. Four s p e c i f i c  analyses were con- 
ducted: (1 )  steady d e f l e c t i o n ;  ( 2 )  n a t u r a l  f requencies and mode shapes; ( 3 )  

w used t o  analyze t h e  blades i n c l u d i n g  a l a r g e  d e f l e c t i o n ,  f i n i t e  element s t r u c -  
t u r a l  a n a l y s i s  and an a e r o e l a s t l c  ana lys i s  I n c l u d i n g  i n t e r b l a d e  aerodynamic 
coup l i ng  (cascade e f f e c t s ) .  The study found t h e  blade t o  be s t r u c t u r a l l y  sound 
and a e r o e l a s t i c a l l y  s tab le .  However, i t  c l e a r l y  i n d i c a t e d  t h a t  advanced turbo-  
prop blades a r e  much l e s s  robust  than convent ional  blades and must be analyzed 
and f a b r i c a t e d  much more c a r e f u l l y  i n  order  t o  assure t h a t  they a r e  s t r u c t u r -  
a l l y  sound and a e r o e l a s t i c a l l y  stable.  

m 
m 
N 
I steady stresses; and (4 )  ae roe las t i c  s t a b i l i t y .  S ta te -o f - the -a r t  methods were 

INTRODUCTION 

When p r o p e l l e r s  were replaced i n  commercial a i r c r a f t  by t u r b o j e t s ,  t h e  
o v e r a l l  p r o p u l s i v e  e f f i c i e n c y  was reduced, b u t  t h e  a i r c r a f t  c r u i s i n g  speed was 
increased. Since f u e l  was a small  p a r t  o f  t h e  o v e r a l l  ope ra t i ng  cost ,  t h e  
increased t o t a l  passenger o r  cargo m i l e s  t h a t  cou ld  be prov ided by a g i ven  a i r -  
c r a f t  w i t h  t h e  h ighe r  speeds more  than made up f o r  t h e  increased f u e l  consump- 
t i o n .  
t h r u s t  w i t h i n  t h e  aeronaut ics community has been t o  reduce a i r c r a f t  f u e l  con- 
sumption. The development o f  low bypass r a t i o  t u r b o f a n  engines re tu rned  some 
o f  t h e  l o s t  e f f i c i e n c y  w i thou t  l o s s  of performance and a l s o  r e s u l t e d  i n  more 
powerfu l  engines. The subsequent development o f  h igh-bypass-rat io  engines 
r e s u l t e d  i n  even f u r t h e r  improvements. As  p a r t  o f  t h e  o v e r a l l  e f f o r t  t o  
increase p r o p u l s i v e  e f f i c i e n c y  even more, the NASA advanced turboprop program 
has brought t h e  development o f  commercial a i r c r a f t  p ropu ls ion  f u l l  c i r c l e .  
The goal  o f  t h i s  program i s  t o  develop turboprops which can rep lace  turbofans 
w i t h o u t  any apprec iab le l o s s  i n  a i r c r a f t  performance, bu t  w i t h  a s i g n i f i c a n t  
g a i n  i n  f u e l  economy. A n a l y t i c a l  and exper imental  s tud ies  have shown t h a t  f u e l  
savings o f  15 t o  30 percent are poss ib le  compared t o  today 's  t u r b o f a n  engines 
( r e f .  1 ) .  These turboprops have 8 t o  10 low-aspect - ra t io  highly-swept blades 
which a r e  t w i s t e d  a long the  span and curved back about t h e  a x i s  o f  r o t a t i o n .  
The forward speed o f  t he  a l r c r a f t  i s  about Mach 0.8 and t h e  b lade t i p  speed 
approaches 800 f t / sec .  These turboprop blades w i l l  operate i n  a very compl i -  
cated and severe aeromechanical environment. 

Ever s ince t h e  d r a s t i c  r i s e  i n  f u e l  costs  d u r i n g  t h e  1970's, a major 



Designs such as these have been known f o r  some t ime, b u t  t h e  means t o  
analyze them and t o  b u i l d  them d i d  n o t  e x i s t .  
h i g h  speed computers and soph is t i ca ted  engineer ing software, advanced turbo-  
props can be a n a l y t i c a l l y  s tud ied more thoroughly  and more accu ra te l y .  
w i t h  t h e  development of advanced m a t e r i a l s  such as f i b e r  r e i n f o r c e d  composites, 
these advanced designs which meet s t r u c t u r a l  and aerodynamic performance 
requirements are f e a s i b l e  and can be b u i l t .  

Today, w i t h  t h e  development o f  

Also, 

This  paper presents a s t r u c t u r a l  and a e r o e l a s t i c  a n a l y s i s  o f  a prototype,  
large-scale,  advanced turbopro'p blade which was designed by Hamil ton Standard 
D i v i s i o n  o f  United Technologies Corporat ion under c o n t r a c t  t o  NASA. The b lade 
(designated SR-7L and shown i n  f i g .  1) i s  p a r t  o f  a complete 8-blade 9 - f t  diam- 
e t e r  r o t o r  system scheduled t o  be b u i l t ,  t es ted  and u l t i m a t e l y  f l own  on a t e s t  
bed a i r c r a f t .  The r e s u l t s  presented i n  t h i s  paper a r e  f rom independent anal -  
yses o f  SR-7L conducted a t  the NASA Lewis Research Center. 

Blade D e s c r i p t i o n  

The SR-7L l a r g e  scale advanced turboprop blade analyzed i n  t h i s  paper I s  
47 i n  l ong  from t h e  bottom o f  t h e  shank t o  the  t i p .  
41 i n  long. 
a l t i t u d e  w i t h  a r o t a t i o n a l  b lade t i p  speed o f  800 f t / s e c .  
under these condi t ions i s  32.0 shp / f t 2 .  The blade i s  o f  spa r / she l l  construc- 
t i o n .  The spar i s  s o l i d  aluminum and blends i n t o  an i n t e g r a l  alumlnum shank. 
The spar i s  3.1 i n  t h i c k  a t  t he  base o f  t h e  a i r f o i l  s e c t i o n  and tapers t o  a 
th ickness o f  l e s s  than 0.05 i n  near the  blade t i p .  The s h e l l  i s  o f  v a r i a b l e  
th ickness and i s  made f r o m  p l i e s  o f  woven f l b e r g l a s s  c l o t h .  
0.007 i n  t h i c k .  The blade t w i s t  and o f f s e t  ( r e l a t i v e  t o  a r a d i a l  l i n e )  a l s o  
vary a long the span and are shown i n  f i g u r e  2. 

The a i r f o i l  sec t i on  i s  
The blade i s  designed f o r  a c r u i s e  Mach number o f  0.8 a t  35 000 f t  

The power l oad ing  

Each p l y  i s  

An a d d i t i o n a l  c o n s t r u c t i o n  f e a t u r e  i s  t he  n i c k e l  sheath a long the l ead ing  
edge o f  the blade. 
f o r e i g n  o b j e c t  damage from small  hard ob jec ts  such as stones o r  h a i l .  The 
th ickness o f  the sheath va r ies  f rom a maximum o f  0.012 i n  near t h e  blade lead- 
i n g  edge, t o  0.006 i n  where i t  blends i n  w i t h  the  s h e l l .  The o v e r a l l  complex- 
i t y  o f  t h e  blade geometry and cons t ruc t i on ,  a long w i th  t h e  h i g h  power loading, 
t i p  speed and c r u l s e  Mach number, make the  s t r u c t u r a l  and a e r o e l a s t i c  analyses 
much more d i f f i c u l t  than f o r  a convent ional  p r o p e l l e r  blade. 

The purpose o f  t h e  sheath i s  t o  p r o t e c t  t h e  blade aga ins t  

A n a l y t i c a l  Procedure 

The o b j e c t i v e  o f  t h i s  study was t o  a s c e r t a i n  the  s t r u c t u r a l  s t a b i l i t y  and 
i n t e g r i t y  o f  the SR-7L blade design by ana lyz ing  f o u r  key areas o f  b lade 
response: 

(1) Steady s t a t e  displacements 
( 2 )  Natural  f requencies and mode shapes 
( 3 )  Steady s t a t e  stresses 
( 4 )  C lass i ca l  f l u t t e r  

I n  order t o  conduct these analyses, a v a r i e t y  o f  in-house and commercial 
computer codes w e r e  u t i l i z e d .  
codes f o l l o w s :  

A b r i e f  d e s c r i p t i o n  o f  t h e  most s i g n i f i c a n t  
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(1) COBSTRAN - an in-house, special purpose composite mechanics program 
designed to produce composite-equivalent input data sets for COSMIC NASTRAN and 
MSC/NASIRAN and to calculate individual ply stresses from NASTRAN output data- 
sets. 
general failure criteria. However, the code contains streamlined geometric and 
finite element model algorithms designed specifically for blade-like structures 
(ref. 2). 

The composite mechanics I n  COBSTRAN is fully generalized and contains 

(2) COSMIC NASTRAN - a large, general purpose finite element analysis 
computer program developed for NASA. 

(3) MSC/NASTRAN - a commercial version of NASTRAN with enhanced 
capabilities. 

(4) ASTROMIC - an in-house, fast-running classical flutter code designed 
for preliminary analysis and parametric studies of rotating blade-like struc- 
tures. The code uses subsonic and supersonic two-dimensional, cascade unsteady 
aerodynamics and models the structure as a straight, swept (or unswept) beam 
(ref. 3). 

(5) ACA/NASTRAN - a modification of the classical flutter analysis in 
COSMIC NASTRAN. 
aerodynamics and blade sweep effects into COSMIC NASTRAN which then uses a 
modal analysis to calculate aeroelastlc stability (ref. 4). 

This enhancement incorporates the effects of cascade unsteady 

(6) EZPLOT - an in-house graphics code streamlined for use with NASTRAN 
input and output datasets. 

In addition to these codes, several special purpose pre- and post- 
processors were written to provide the proper interfacing between the codes. 
Furthermore, several modifications had to be made to these maJor codes or to 
their solution procedures in order to fully accommodate the very complex 
geometry and structural behavior of SR-7L. 

The overall structural and aeroelastlc analyses followed the procedure 
shown in the flowchart in figure 3. 
design database for SR-7L. A special preprocessor was used to extract detailed 
geometric data for the spar and shell in order to build a detailed composite- 
equivalent finite element model. While this model was being built, distributed 
beam properties derived from the database were used to build an ASTROMIC model 
i n  order to conduct preliminary aeroelastic analyses. These analyses were used 
to estimate the aeroelastic stability of SR-7L and guide the more refined aero- 
elastic analyses conducted with ACA/NASTRAN. 

Both analyses started with a geometric/ 

The structural and aeroelastic analyses of SR-7L proceeded along essen- 
tially, independent paths. The fundamental bridge between the two analyses 
was the detailed finite element model of the blade. 

The approach was to model the spar/shell construction by an equivalent 
laminated plate model. The shell, adhesive, spar, and shell filler material 
were taken to be separate layers and were combined to produce equivalent plate 
properties using the composite mechanics in COBSTRAN. This process, as it 
applies to SR-7L, will be described in greater detail in the next section. 
Other approaches, such as merging a separate three-dimensional spar model with 
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a ho l l ow  s h e l l  model o r  generat ing a combined three-dimensional spar/two- 
dimensional she l l  model were considered. However, these two approaches g r e a t l y  
compl icated the modeling process and would have necess i ta ted  major changes t o  
the  f i n i t e  element modeling a lgor i thms i n  COBSTRAN. Also, t he  approach adopted 
has proven very successful  i n  modeling t u r b i n e  engine fan  blades i n c l u d i n g  
superhybr id composite blades and blades w i t h  h o l l o w  c a v i t i e s  and composite 
i n l a y s  ( r e f .  5 ) .  

Once a COBSlRAN model was b u i l t ,  two NASTRAN i n p u t  datasets  were gener- 
ated: one f o r  MSC/NASTRAN, and one f o r  C O S M I C  NASTRAN. Both versions o f  
NASTRAN had t o  be u t i l i z e d  t o  analyze the  blade s t r u c t u r a l l y  and aeroelas- 
t i c a l l y  due t o  t h e  geomet r i ca l l y  l a r g e  d e f l e c t i o n s  t h a t  can occur i n  t h i n ,  
swept blades such as SR-7L. This has been observed exper imenta l ly  ( r e f .  6) 
and p red ic ted  a n a l y t i c a l l y  f o r  smal ler  aerodynamic models ( r e f .  7 ) .  Whi le 
COSMIC NASTRAN cannot accu ra te l y  account f o r  t h i s  p o s s i b i l i t y ,  a mod i f i ed  
a p p l i c a t i o n  o f  t he  non l i nea r  displacement s o l u t i o n  c a p a b i l i t y  i n  MSWNASTRAN 
( s o l u t i o n  sequence No. 64) was used f o r  d e t a i l e d  a n a l y s i s  o f  d e f l e c t i o n s ,  
s t r e s s e s  and na tu ra l  modes. 

On the other hand, a COSMIC NASTRAN i n p u t  da tase t  f o r  t he  COBSrRAN model 
was needed f o r  use i n  ACA/NASTRAN. P r i o r  t o  conduct ing a d e t a i l e d  a e r o e l a s t i c  
a n a l y s i s  w i t h  t h i s  mod i f i ed  vers ion o f  COSMIC NASTRAN, b lade modal character-  
i s t i c s  must be generated elsewhere i n  the  code and suppl ied t o  t h e  a e r o e l a s t i c  
a n a l y s i s .  COSMIC NASTRAN does n o t  have t h e  c a p a b i l i t y  t o  r i g o r o u s l y  account 
f o r  l a r g e  d e f l e c t i o n s .  However, t he  code can i t e r a t e  t o  accu ra te l y  determine 
t h e  d i f f e r e n t i a l  s t i f f n e s s  due t o  the s o f t e n i n g  o r  s t i f f e n i n g  e f f e c t s  o f  non- 
f o l l o w e r  type appl ied forces a c t i n g  on the d e f l e c t e d  blade. This approach i s  
n o t  as accurate as t h e  f u l l y  non l i nea r  a n a l y s i s  i nco rpo ra ted  i n  MSC/NASlRAN b u t  
can be acceptable f o r  c a l c u l a t i n g  r e l i a b l e  s t a b i l i t y  boundaries provided the  
d iscrepancies between the  r i go rous  and approximate analyses a r e  smal l .  For a l l  
cases analyzed i n  t h i s  study, t he  agreement between t h e  approximate and r i g o r -  
ous non l i nea r  analys is  was s u f f i c i e n t  t o  assure t h a t  good a e r o e l a s t i c  analyses 
could be conducted us ing  ACA/NASTHAN. Th is  judgment was based on comparisons 
o f  t he  blade d e f l e c t i o n s  and n a t u r a l  f requencies.  

Once the COBSTRAN model o f  SR-7L was b u i l t  and t h e  COSMIC NASTRAN s t r u c -  
t u r a l  response was v e r i f i e d  against  t he  MSC/NASTRAN response, d e t a i l e d  s t r u c -  
t u r a l  and ae roe las t i c  analyses proceeded independent ly.  

STRUCTURAL ANALYSIS 

F i n i t e  Element Modeling 

The f i n i t e  element mesh f o r  SR-7L was developed f rom coord inate d c s c r i p -  
t i o n s  d e f i n i n g  the blade spar and s h e l l  c ross -sec t i ona l  geometries a t  27 
s t a t i o n s  along the blade span. The midchord l i n e  o f  each cross s e c t i o n  was 
determined f r o m  the  aerodynamic p r o f i l e  data over a r a d i a l  span o f  lO.0 t o  
54.0 i n  (as shown i n  f i g .  4 ) .  Each midchord l i n e  was then represented by 26 
g r i d  p o i n t s  d e f i n i n g  coord inate values and thicknesses. 

COBSTRAN i s  designed t o  accept 1 4  g r i d  p o i n t  d e f i n i t i o n s  a t  each r a d i a l  
sec t i on  along the blade span. 
f i n e r  mesh along t h e  l ead ing  and t r a i l i n g  edges o f  t h e  spar (as shown i n  f i g .  5 ) .  

S e l e c t i o n  of g r i d  p o i n t s  was made t o  e s t a b l i s h  a 
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This  was done t o  minimize the e f f e c t  o f  t he  elements rep resen t ing  a t r a n s i t i o n  
o f  p r o p e r t i e s  between the  a l l - s h e l l  nodes and t h e  she l l / spa r  nodes. This i s  
p a r t l c u l a r l y  necessary i n  COBSlRAN as opposed t o  o the r  programs, because o f  t he  
spec ia l  manner i n  which the program generates composite m a t e r i a l  p r o p e r t i e s  a t  
a l l  g r i d  p o i n t s  and then averages these p r o p e r t i e s  among nodes d e f i n i n g  an 
element i n  order t o  generate the  ma te r ia l  p r o p e r t i e s  w i t h i n  each element. As 
such, the m a t e r i a l  p r o p e r t i e s  o f  a g r i d  p o i n t  forming t h e  boundary between the  
spar and the  s h e l l  w i l l  c o n t r i b u t e  t o  t h e  m a t e r i a l  p r o p e r t i e s  o f  t h e  elements 
on bo th  sides o f  t h e  boundary. 

Modeling Strategy 

The b lade was designed as a f iber-g lass/epoxy composite s h e l l  w i th  an 
i n n e r  spar o f  s o l i d  aluminum. The area w i t h i n  the  s h e l l  and outboard o f  t h e  
spar was f i l l e d  w i th  foam m a t e r i a l .  Spar and s h e l l  were bonded w i th  a l a y e r  o f  
adhesive and the  l ead ing  edge was covered w i t h  a sheath o f  n i c k e l .  
cross s e c t i o n  i s  shown i n  f i g u r e  6. 

A t y p i c a l  

The m a t e r i a l  p r o p e r t i e s  a t  each node were determined by e v a l u a t i n g  each 
node as a s e r i e s  o f  l a y e r s  of f iber-glass/epoxy, adhesive, and foam o r  a lumi-  
num w i t h  a symmetric stack-up through t h e  th lckness.  The corresponding a n l -  
s o t r o p i c  s t r e s s - s t r a i n  r e l a t i o n s  were c a l c u l a t e d  by laminate theory i n  which 
p lane cross sect ions remain plane. I n d i v i d u a l  p l y  p r o p e r t i e s  were c a l c u l a t e d  
us ing  micromechanics theory.  
66 p l y  l a y e r s  w i th  a d i f f e r e n t  p l y  stack-up order  depending on the  l o c a t i o n  o f  
the node on t h e  blade. 

Each node i n  the  SR-7L model contained f rom 10 t o  

The COBSTRAN program i s  designed so t h a t  p l y  l a y e r s  may be de f i ned  t o  
e x i s t  over on l y  s p e c i f i e d  areas o f  the blade expressed by a percent  span and 
percent  chord range (as shown I n  f i g .  7 ) .  Maklng use o f  t h i s  fea tu re ,  and 
repeated i t e r a t i o n s  through the COBSTRAN preprocessor, r e s u l t e d  i n  each o f  326 
nodes being de f i ned  by t h e i r  co r rec t  th ickness and D ly  order .  P l y  order i s  
de f l ned  by sheath, s h e l l ,  adhesive and foam o r  aluminum, as requi red,  a t  each 
node 1 oca t i on. 

The shank o f  t he  blade was modeled us ing a bar element. The t r a n s i t i o n  
bctween the  t r i a n g u l a r  p l a t e  bending elements o f  the blade and t h e  bar element 
rep resen t ing  the shank was modeled by the use o f  m u l t i p o i n t  c o n s t r a i n t s .  
r o o t  o f  t he  shank was f i x e d  i n  4 degrees o f  freedom, the  t h r e e  t r a n s l a t i o n s  
and r o t a t i o n  about the  spanwise ax ls .  
b lade r e t e n t i o n  mechanism, r o t a t i o n  about bo th  axes normal t o  span a x l s  were 
represented by a r o t a t i o n a l  spr ing.  

The 

To represent  t h e  f l e x i b i l i t y  o f  t h e  

A normal modes ana lys i s  (HSC/NASTRAN s o l u t i o n  sequence No. 3) was f i r s t  
performed t o  determine the  f i rs t  four n a t u r a l  frequencies and mode shapes a t  
zero r o t a t i o n a l  speed. 

Determinat ion o f  steady s t a t e  d e f l e c t i o n s ,  n a t u r a l  f requencies and mode 
shapes a t  se lected r o t a t i o n a l  speeds was a more complex procedure. Because o f  
t h e  t w i s t  and sweep o f  t he  blade, steady s t a t e  d e f l e c t i o n  c a l c u l a t i o n s  tend t o  
be non l i nea r .  As such, the geometric non l i nea r  a n a l y s i s  c a p a b i l i t y  a v a i l a b l e  
i n  MSWNASTRAN was used ( s o l u t i o n  sequence No. 64). T h i s  procedure requ i res ,  
as a minimum, two subcases t o  account f o r  d i f f e r e n t i a l  s t i f f n e s s .  A d d i t i o n a l  
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subcases update the  s t i f f n e s s  and mass ma t r i ces  a t  each i t e r a t i o n .  The number 
o f  a d d i t i o n a l  subcases 1s problem dependent. For t h i s  ana lys l s ,  e i g h t  addi -  
t i o n a l  subcases were determined t o  be s u f f i c i e n t  t o  e s t a b l i s h  convergence. 

A m o d i f i c a t i o n  (DMAP a l t e r )  t o  the  MSC/NASTRAN s o l u t i o n  sequence No. 64 
was made t o  prevent numerical i n s t a b i l i t y .  Dur ing t h e  i t e r a t i o n  t h e  s t i f f n e s s  
m a t r i x  tended t o  become s i n g u l a r  due t o  very small  values o f  r o t a t i o n a l  s t i f f -  
ness about the z-axis.  To prevent  t h i s ,  f o r  t h e  f i r s t  seven i t e r a t i o n s  the  
value o f  t he  s t i f f n e s s  m a t r i x  rep resen t ing  r o t a t i o n a l  s t i f f n e s s  about t h e  z- 
a x i s  was a r b i t r a r i l y  Increased by a comparat iv6ly small  value o f  0.001. 
a d d i t i o n a l  s t i f f n e s s  was then excluded from the  e i g h t h  and f i n a l  i t e r a t i o n .  

This 

When c a l c u l a t i n g  the  s t i f f n e s s  m a t r i x  change i n  a c e n t r i f u g a l  f o r c e  f i e l d ,  
MSC/NASTRAN does no t  account f o r  the s o f t e n i n g  e f f e c t s  r e s u l t i n g  f rom d i sp lace -  
ments i n  t h e  plane o f  r o t a t i o n .  To o b t a i n  t h e  c o r r e c t  f requencies and mode 
shapes, t h i s  sof ten ing e f f e c t  must be i nc luded  i n  t h e  f i n a l  s t i f f n e s s  m a t r i x  
c a l c u l a t e d  i n  s o l u t i o n  sequence No. 64. Therefore, a m o d i f i c a t i o n  (DMAP a l t e r )  
t o  the MSC/NASTRAN s o l u t i o n  sequence was made t o  reduce the  diagonal  terms o f  
t he  s t i f f n e s s  m a t r i x  associated w i t h  the  t r a n s l a t i o n a l  degrees o f  freedom i n  
t h e  plane o f  r o t a t i o n  by a value o f  (m x Q 2 ) .  
matr ices were s tored by the  MSC/NASTRAN database manager i n  temporary f i l e s  f o r  
subsequent use by s o l u t i o n  sequence No. 63 ,  which i s  t h e  normal modes a n a l y s i s  
w i t h  database f 11 es . 

The f i n a l  mass and s t i f f n e s s  

The determinat ion o f  p l y  stresses, s t r a i n s  and f a i l u r e  c r i t e r i a  i s  made 
p o s s i b l e  by the use o f  the postprocessing f e a t u r e  o f  the COBSTRAN program. 
COBSTRAN accepts the element s t r e s s  output  f rom MSC/NASTRAN and c a l c u l a t e s  t h e  
s t r e s s e s  and corresponding membpane forces and bending moments a t  each node i n  
the s t r u c t u r a l  coord inate system. F rom these loads, us ing  laminate theory,  t he  
r e s u l t a n t  stresses, s t r a i n s  and f a i l u r e  c r i t e r i a  a r e  c a l c u l a t e d  f o r  each p l y  
l a y e r  a t  each node i n  the  p l y  coord inate system. 

Steady S ta te  D e f l e c t i o n s  

The steady s t a t e  d e f l e c t i o n s  o f  SR-7L a t  c r u i s e  a r e  shown i n  f i g u r e  8. 
The blade i s  loaded by c e n t r i f u g a l  f o r c e  and aerodynamic load, though t h e  
l a t t e r  i s  small compared t o  the  fo rmer .  Since the blade i s  h i g h l y  t w i s t e d ,  
t he  contours a re  n o t  shown i n  the  g loba l  re ference system. The contours 
represent d e f l e c t i o n s  normal t o  a blade chord l i n e  a t  t h e  t h r e e - f o u r t h s  span 
p o s i t i o n .  As such, the d e f l e c t i o n s  shown have very l i t t l e  edgewise component 
over the  outer  t h i r d  o f  the blade where t o t a l  d e f l e c t i o n s  a r e  t h e  l a r g e s t  and 
a r e  approximately normal t o  the blade i n  t h i s  region. The key f e a t u r e  o f  t h e  
d e f l e c t i o n  p a t t e r n  i s  t h a t  w h i l e  the  peak d e f l e c t i o n s  a r e  smal l  compared t o  
t h e  o v e r a l l  blade dimensions, t he  d e f l e c t i o n s  and g rad ien ts  tend toward 
"moderate" values r e l a t i v e  t o  the  ou te r  p a r t  o f  t h e  blade. This  tendency i s  
t he  r e s u l t  of the very t h i n  blade cons t ruc t i on ,  h i g h  c e n t r i f u g a l  a c c e l e r a t i o n  
and b u i l t - i n  r a d i a l  o f f s e t  near the blade t i p .  V a r i a t i o n s  i n  any o f  these 
th ree  f a c t o r s  can have a s i g n i f i c a n t  e f f e c t  on t h e  t i p  d e f l e c t i o n s .  I t  i s  
p o s s i b l e  f o r  t i p  d e f l e c t i o n s  t o  vary s i g n i f i c a n t l y  f rom blade t o  b lade as a 
r e s u l t  o f  dev iat ions from design i n  the  f a b r i c a t i o n  o f  t he  blade t i p .  Th is  i s  
q u i t e  d i f f e r e n t  f r o m  convent ional  s t r a i g h t  p r o p e l l e r s  which a r e  rugged a long 
t h e i r  e n t i r e  length and e s s e n t i a l l y  a l i gned  w i t h  a r a d i a l  vec to r  so t h a t  
c e n t r i f u g a l  forces tend t o  r e s t r i c t  b lade d e f l e c t i o n s ,  n o t  induce them. 
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Natu ra l  Frequencies and Mode Shapes 

The f i r s t  f o u r  n a t u r a l  frequencies o f  SR-7L a r e  shown on a Campbell d i a -  
gram i n  f i g u r e  9. These span t h e  frequencies o f  g r e a t e s t  concern w i t h  regard 
t o  f l u t t e r  and forced response, although the  f i r s t  edgewise mode does n o t  
appear t o  c o n t r i b u t e  s i g n i f i c a n t l y  t o  e i t h e r .  The Campbell diagram shows how 
the blade n a t u r a l  f requencies compare w i t h  engine order  e x c i t a t i o n  f requencies 
as a f u n c t i o n  o f  the turboprop r o t a t i o n a l  speed. 
severe dynamic response and subsequent f a t i g u e  damage, the c r i t i c a l  b lade 
n a t u r a l  frequencies should n o t  be too c l o s e  t o  an engine order  e x c i t a t i o n  f r e -  
quency ( 1 - P ,  2-P, e t c . )  near the  turboprop opera t i ng  speed. The "boxed- in" 
regions about each engine order are t h e  exc lus ion  zones near t h e  opera t l ng  
speed. The lower engine order e x c i t a t i o n s ,  I n  general ,  tend t o  cause s t ronger  
blade forces and, as such, t h e i r  respect ive exc lus ion  zones a r e  l a r g e r  than f o r  
h igher  englne orders.  A s  can be seen, the SR-7L, as designed, meets a l l  f r e -  
quency placement requirements w i t h  the p o s s i b l e  except ion o f  t he  f o u r t h  engine 
order i n t e r a c t i n g  w i t h  the  second bending mode. However, t h i s  i n t e r a c t i o n  
t y p i c a l l y  would n o t  be a n t i c i p a t e d  t o  be s t rong  and probably would n o t  cause 
t h i s  p a r t i c u l a r  blade design t o  be re jec ted .  

I n  order t o  avo id  p o s s i b l y  

Some spec ia l  care must be taken i n  modeling blades l i k e  SR-7L f o r  modal 
frequency a n a l y s i s  and i n  evaluat ing t h e  r e s u l t s .  F lgu re  10 shows the  f i r s t  
f o u r  n a t u r a l  f requencies o f  SR-7L w i t h  and w i t h o u t  a p r o t e c t i v e  p a i n t  l a y e r .  
Th is  l a y e r  adds no s t i f f n e s s  t o  the b lade b u t  does add mass. Even though t h e  
l a y e r  i s  on l y  0.01 i n  t h i c k ,  i t  increases t h e  blade i n e r t i a l  p r o p e r t i e s  by up 
t o  10 percent  near the  t i p .  From t h i s  f i g u r e ,  t h e  f i r s t  t h ree  frequencies a r e  
e f f e c t e d  on ly  s l i g h t l y  by the p a i n t  l a y e r .  However, the f o u r t h  mode, f i r s t  
t o r s i o n ,  increased by about 3.5 percent when,the p a i n t  l a y e r  was excluded f rom 
the  model. 
o f  t h e  n a t u r a l  frequency f o r  h i g h  modes, v a r l a t i o n s  o f  a few percent  can be 
s i g n i f i c a n t .  

Since modal frequency exc lus ion zones a r e  t y p i c a l l y  about 5 percent  

The mode shapes o f  the f u l l y  loaded SR-7L a t  the  normal ope ra t i ng  condi-  
t i o n  a r e  shown i n  f i g u r e  11. The contour l i n e s  are,  as w i t h  steady d i sp lace -  
ments, shown f o r  d e f l e c t l o n s  normal t o  t h e  c h o r d l i n e  a t  t h ree - fou r ths  span. 
l h e  values o f  each contour l i n e ,  subsequently, a r e  p r o p e r l y  scaled b u t  rep- 
resen t  a r b i t r a r y  u n i t s  f o r  each mode. 

The f i r s t  mode appears as a l t t y p i c a l "  b lade f i r s t  bending mode. The 
contour l l n e s  a r e  e s s e n t l a l l y  chordwise and a r e  f a l r l y  evenly spaced a lonq  
most o f  t he  blade span. The second mode i s  t h e  f i r s t  edgewise mode. Most o f  
the mot ion i n  t h i s  mode i s  i n  t he  chordwise d i r e c t i o n  and, as such, i s  n o t  
shown by the contour l i n e s  i n  t h i s  f i g u r e .  However, s ince t h i s  mode i s  n o t  
expected t o  c o n t r i b u t e  s i g n i f i c a n t l y  t o  f l u t t e r  o r  forced response, r e l a t i v e  
t o  t h e  o the r  modes shown, a d e t a i l e d  study o f  i t s  mot ion i s  n o t  needed f o r  an 
a n a l y s i s  o f  SR-7L o r  s i m i l a r  blades. 

The t h i r d  mode i s  t h e  second bending mode. The key f e a t u r e  o f  t h i s  mode 
I s  t h a t  most o f  t he  blade motion i s  i n  t he  ou te r  t h i r d  o f  the blade. Also, t he  . ' 

contour  l i n e s  tend t o  be i n  a chordwise d i r e c t i o n .  I n  some cases, swept blades 
o f  t h i s  type w i l l  have modal contour l i n e s  t h a t  s l a n t  downward from t h e  l ead ing  
edge o f  t he  blade t o  the t r a i l i n g  edge. 
t o r s i o n  coup l l ng  which tends t o  be a e r o e l a s t i c a l l y  d e s t a b i l i z i n g  and, thus, 
lowers the  f l u t t e r  speed. For the SR-7L analyzed here, t he  absence o f  arty s i g -  
n i f i c a n t  bending- tors ion coup l i ng  should enhance the  c a l c u l a t e d  s t a b l l i t y  
boundary. 

Such blades w i l l  then have bending- 
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The f o u r t h  mode i s  a " t y p i c a l "  f i r s t  t o r s i o n  mode w i t h  a midchord mode 
l i n e .  
i n g  mode a e r o e l a s t i c a l l y  t o  a f f e c t  t h e  s t a b i l i t y  of t h e  blade. This form o f  
coup l i ng  i s  not  c h a r a c t e r i s t i c  of unswept blades, i n  general .  

The primary s l g n i f i c a n c e  of t h i s  mode i s  t h a t  i t  coupler w i t h  t h e  bend- 

Steady S t a t e  Stresses 

The steady-state stresses i n  SR-7L a t  the c r u i s e  c o n d i t i o n  a r e  shown f o r  
t h e  aluminum spar and f i b e r g l a s s  s h e l l  i n  f i g u r e s  12 and 13, r e s p e c t i v e l y .  The 
reg ions w i t h  the h ighes t  s t ress  a r e  shown i n  bo th  f i g u r e s .  I n  t h e  spar, two 
reg ions e x i s t  with stresses over 10 000 p s i .  One reg ion  i s  on t h e  pressure 
s i d e  o f  t h e  blade near t h e  bottom o f  the spar, and t h e  o the r  on the  s u c t i o n  
s i d e  o f  t h e  blade toward the top o f  t h e  spar. The lower reg ion  has a peak 
s t r e s s  o f  15 280 ps i  a c t i n g  i n  a r a d i a l  d i r e c t i o n .  
s t r e s s  o f  15 050 p s i ,  again i n  a r a d i a l  d i r e c t i o n .  These s t resses a re  domi- 
n a n t l y  bending, a r e s u l t  o f  t he  blade being o f f s e t  f rom a r a d i a l  l i n e .  

The upper reg ion  has a peak 

The s h e l l  a l s o  has two regions o f  h i g h  s t r e s s  i n  approximately t h e  same 
r e l a t i v e  l oca t i ons  as f o r  the spar. The s h e l l  i s  made from l a y e r s  o f  c l o t h  
w i t h  a O " ,  and -90" weave o r ien ted  i n  -30°, and +60° d i r e c t i o n s  on the  b lade 
(as i n d i c a t e d  i n  f i g .  13).  The c l o t h  was subsequently modeled as two u n i a x i a l  
l aye rs ,  one i n  the  -30" d i r e c t i o n  and the  o the r  i n  t h e  60" d i r e c t i o n .  Both 
reg ions encompass stresses over 3000 p s i ,  and I n  both regions t h e  h ighes t  
s t resses a r e  i n  t h e  -30' p l y .  The peak s t ress  I n  t h e  upper reg ion  i s  6010 p s i  
and the  peak s t r e s s  i n  t h e  lower reg ion  i s  6194 p s i .  

The peak stresses i n  both the  spar and s h e l l  a r e  r e l a t i v e l y  low and 
i n d i c a t e  t h a t  the c y c l i c  stresses a r e  below t h e  a l l owab le  v i b r a t o r y  s t resses.  

CONCLUSIONS-STRUCTURAL ANALYSIS 

Based on the s t r u c t u r a l  ana lys i s  conducted d u r i n g  t h i s  study, severa l  
general  conclusions can be drawn regard ing t h e  SR-7L advanced turboprop blade, 
i n  p a r t i c u l a r ,  and s i m i l a r  blades, i n  general :  

( 1 )  Blade d e f l e c t i o n s  a t  c r u i s e  a re  s t r u c t u r a l l y  acceptable.  

(2) Frequency margins r e l a t i v e  t o  engine order  e x c i t a t i o n s  appear t o  be 
adequate ( w i t h  the poss ib le  except ion o f  t he  t h i r d  mode, second bending, 
r e l a t i v e  t o  the 4-P engine order) .  

( 3 )  Steady-state stresses a t  c r u i s e  a r e  acceptable.  

( 4 )  Blade d e f l e c t i o n s  and c r i t i c a l  v i b r a t i o n  modes a r e  dominated by 
mot lon o f  t h e  comparatively t h i n  ou te r  p o r t i o n  o f  t h e  blade (approx imate ly  t h e  
ou te r  one - th i rd ) .  
b lade may be very s e n s i t i v e  t o  modeling and manufactur ing d e t a i l  I n  t h i s  
p o r t i o n  o f  t he  blade. 

The r e s u l t s  o f  the a n a l y s i s  and the a c t u a l  behavior o f  t h e  
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AEROELASTIC ANALYSIS 

Aeroelast ic  Methods 

As p r e v i o u s l y  mentioned, two computer codes were used t o  determine the 
a e r o e l a s t i c  c h a r a c t e r i s t i c s  o f  SR-7L. The major d i f f e r e n c e  i n  these two codes 
i s  t he  type o f  s t r u c t u r a l  model. These a r e  a beam model and a f i n i t e  element 
model f o r  ASTROMIC and ACAINASTRAN, r e s p e c t i v e l y .  ASTROMIC does have the  
advantage t h a t  i t  i s  easy and quick t o  use. ACA/NASTRAN i s  a m o d i f i c a t i o n  o f  
C O S M I C  NASTRAN generated by B e l l  Aerospace under a NASA c o n t r a c t .  The exten- 
s i v e  c a p a b i l i t i e s  o f  t h i s  code a l l ow  i t  t o  be used as e i t h e r  a des ign/analys is  
o r  a research t o o l .  Because ACA/NASTRAN i s  an extens ion o f  COSMIC NASTRAN, i t  
can model complex s t r u c t u r e s .  This c a p a b i l i t y  makes the  code w e l l  s u i t e d  f o r  
modeling the s t r u c t u r a l  c o n f i g u r a t i o n  o f  a turboprop blade such as SR-7L. The 
disadvantage o f  us ing t h i s  code i s  t h a t  i t  requ i res  a l a r g e  amount o f  computer 
t i m e  and memory, r e s u l t i n g  i n  lengthy computer runs. Also, t he  ACA/NASTRAN 
user must be f a i r l y  knowledgable i n  f i n i t e  element techniques t o  prepare the  
extens ive i n p u t  data and t o  i n t e r p r e t  t he  r e s u l t s .  

l h e  output  f r o m  ACA/NASTRAN and ASTROMIC p rov ide  i n f o r m a t i o n  about both 
the  dynamic and a e r o e l a s t i c  c h a r a c t e r i s t i c s  o f  t he  turboprop blade. 
dynamic c h a r a c t e r i s t i c s  suppl ied i n  t h e  output  a r e  t h e  n a t u r a l  f requencies and 
mode shapes. For t h e  a e r o e l a s t i c  p a r t  of t h e  a n a l y s i s  t h e  programs ou tpu t  t h e  
aerodynamic damping f o r  each mode o f  v i b r a t i o n .  
s t r u c t e d  by f i n d i n g  the l o c a t i o n s  o f  zero aerodynamic damping as a f u n c t i o n  o f  
a x i a l  Mach number and r o t a t i o n a l  speed. The f o l l o w i n g  sect ions g i v e  b r i e f  
d e s c r i p t i o n s  o f  the two methods. 

The 

The f l u t t e r  boundary i s  con- 

Beam Method (ASTROMIC) 

The d e t a i l s  o f  the d e r i v a t i o n  o f  the beam method f o r  unswept blades a re  
g i ven  i n  re ference 3 .  This method was developed f o r  p re tw is ted ,  nonuni form 
blades by us ing  Hami l ton 's  p r i n c i p l e .  The d e r i v a t i o n  o f  t he  equat ions has i t s  
bas i s  i n  the geometric non l i nea r  theory o f  e l a s t i c i t y  i n  which e longat lons and 
shears a re  n e g l i g i b l e  compared t o  u n i t y .  A general  expression f o r  foreshor ten-  
i n g  ( a x i a l  shor ten ing o f  t he  tens ion a x i s  due t o  bending, t o r s l o n ,  and noncoin- 
c idence o f  t he  e l a s t i c  and tens ion  axes) i s  e x p l i c i t l y  used i n  the formulat ion.  
l h l s  method f o r  unswept blades was modi f ied i n  an approximate manner t o  account 
f o r  b lade sweep. For s i m p l i c i t y  i t  was assumed t h a t ,  a l though the blades a r e  
swept, t he  e l a s t i c  a x i s  i s  s t r a i g h t .  Only the  component o f  c e n t r i f u g a l  load 
a long the  blade a x i s  i s  considered. Also, f o r  t he  f l u t t e r  problem t h e  b lade 
i s  assumed t o  be v i b r a t i n g  about i t s  undeformed p o s i t i o n .  The use o f  these 
assumptions can r e s u l t  i n  s i g n i f i c a n t  e r r o r s  i n  the  p r e d i c t i o n  o f  h ighe r  mode 
f l u t t e r  c h a r a c t e r i s t i c s .  For example, i t  i s  known t h a t  proper cons ide ra t i on  o f  
t he  steady s t a t e  displacements can cause the  pure t o r s i o n  mode (non ro ta t i ng )  t o  
change I n t o  a lower frequency, h i g h l y  coupled bending- tors ion mode. This  modi- 
f i e d  ve rs ion  o f  t h e  reference 3 method a l s o  has the  c a p a b i l i t y  t o  consider  
b lade mistuning, b u t  t h i s  i s  n o t  considered here in.  

Both subsonic ( r e f .  8)  and supersonic ( r e f .  9 )  two-dimensional unsteady 
cascade aerodynamic t h e o r i e s  a re  used. The assumed r e l a t i v e  f l o w  i s  t he  com- 
ponent normal t o  the e l a s t i c  axes. The chord and stagger angle a re  a l s o  
d e f i n e d  f o r  sect ions normal t o  the e l a s t i c  a x i s .  The l i f t  and moment a r e  
i n t e g r a t e d  i n  a s t r i p w i s e  manner t o  g i v e  a quasi- three-dimensional  e f f e c t .  
l hese  aerodynamic loads a r e  corrected f o r  sweep e f f e c t s  by us ing  s i m i l a r i t y  
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laws. 
swept wing, involves m o d i f i c a t i o n  o f  t he  two-dimensional l i f t  and moment 
expressions f o r  an unswept wing. 
and s i m i l a r i t i e s  I n  the  v e r t i c a l  v e l o c i t y  boundary cond i t i ons  f o r  swept and 
unswept wings are u t i l i z e d .  

This  method, used i n  references 10 and 11 f o r  an i s o l a t e d ,  non ro ta t i ng ,  

The spanwise component o f  f l o w  i s  neglected 

The space v a r i a b l e  i n  the r e s u l t i n g  coupled i n t e g r o - p a r t i a l  d i f f e r e n t i a l  
The equations o f  motion i s  e l im ina ted  by us ing a mod i f i ed  G a l e r k i n l s  method. 

t r i a l  funct ions a r e  the  un i fo rm beam mode shapes. For a l l  r e s u l t s  presented i n  
t h i s  paper, two  modes were used f o r  each o f  t h r e e  types o f  motion: 
t he  plane o f  r o t a t i o n ,  bending perpendicu lar  t o  the  p lane o f  r o t a t i o n ,  and t o r -  
s ion.  The assumption o f  simple harmonic mot ion r e s u l t s  i n  a genera l ized eigen- 
value problem which i s  i t e r a t i v e l y  solved t o  determine the  f l u t t e r  boundary. 
Fur ther  desc r ip t i ons  o f  t h i s  a n a l y t i c a l  method can be found i n  references 3 
and 12. 

bending i n  

F i n i t e  Element Method (ACA/NASlRAN) 

The d e t a i l e d  d e s c r i p t i o n  o f  t h i s  method i s  g i ven  i n  references 4, 12 
and 13. For the reader ' s  convenience, a b r i e f  d e s c r i p t i o n  f o l l o w s .  The method 
cons is t s  o f  three steps: ( 1 )  a " d i f f e r e n t i a l  s t i f f n e s s "  m a t r i x  i s  determined 
f r o m  the  steady s t a t e  s o l u t i o n  (by cons ide r ing  b o t h  c e n t r i f u g a l  and steady 
aerodynamic loads and by us ing  a Newton-Raphson i t e r a t i o n  t o  determine t h e  
e q u i l i b r i u m  p o s i t i o n ) ;  ( 2 )  by us ing  the  a d d i t i o n a l  s t i f f n e s s  f rom step 1, a 
f r e e  v i b r a t i o n  a n a l y s i s  i s  performed t o  determine t h e  modal c h a r a c t e r i s t i c s ;  
and ( 3 )  a modal f l u t t e r  ana lys i s  i s  performed. 

The two-dimensional, subsonic, cascade theory descr ibed i n  re ference 1 4  i s  
The theo r ies  o f  re ferences 8 used t o  c a l c u l a t e  the  unsteady aerodynamic loads. 

and 14 a r e  c l o s e l y  r e l a t e d  and g i v e  s i m i l a r  r e s u l t s .  
theory i n c l u d i n g  sweep e f f e c t s  has y e t  t o  be Inco rpo ra ted  i n t o  t h i s  method. 
The subsonic unsteady aerodynamic loads a re  mod i f i ed  t o  account f o r  sweep 
e f f e c t s  by consider ing on ly  the component o f  f l o w  normal t o  t h e  l o c a l  l ead ing  
edge. Although t h i s  method can i n c l u d e  steady aerodynami'c loads, they a r e  n o t  
considered herein.  

A supersonic aerodynamic 

I n  general,  a blade 15 a sur face w i th  m u l t i p l e  curvature.  The method t o  
f o r m  the  aerodynamic forces f o r  such a sur face i s  as f o l l o w s .  For each s t a t i o n  
a "mean surface" i s  const ructed between chord l i n e s  (which a r e  normal t o  the  
leading edge and not p a r a l l e l  t o  each o the r )  f o r  t h i s  s t a t i o n  and t h e  adjacent  
spanwise l oca t i ons  ( i nboard  and outboard). The modal t r a n s l a t i o n s  normal t o  
t h i s  sur face a r e  then used t o  c o n s t r u c t  t h e  genera l i zed  aerodynamic f o r c e  
m a t r i x .  

A s  i n  the beam method, a complex genera l ized eigenvalue problem r e s u l t s .  
l h e  f l u t t e r  boundary i s  determined by repeated use o f  t he  IIKE-Method" ( r e f .  15) 
f o r  d i f f e r e n t  a x i a l  Mach numbers and r o t a t i o n a l  speeds. 
code p resen t l y  lacks supersonic unsteady aerodynamics, t he  r e l a t i v e  f l o w  Mach 
number (perpendicu lar  t o  t h e  l o c a l  l ead ing  edge) a t  a l l  s t a t i o n s  must be l e s s  
than 1.  
used. 

Since t h i s  computer 

This r e s t r i c t s  the  opera t i ng  c o n d i t i o n s  a t  which t h i s  method can be 



Previous Aeroelast ic  Analyses 

Three o the r  advanced turboprop designs ( S R - 5 ,  SR-3 and SR-3C-X2) have been 
tes ted  and analyzed f o r  f l u t t e r .  Since the conclusions and recommendations f o r  
SR-7L a r e  r e l a t e d  t o  the comparisons o f  these t h r e e  exper imental  and a n a l l t i c a l  
r e s u l t s ,  they w i l l  be b r i e f l y  described. 

SR-5 and SR-3 a r e  s o l i d  metal  ( T i )  blades w i t h  d i f f e r e n t  sweep d i s t r i b u -  
t i o n s .  The SR-3 blade has s l i g h t l y  more sweep than SR-7L w h i l e  t h e  SR-5 blade 
has about 15' more sweep. SR-3 and SR-3C-X2 have the  same geometric shape b u t  
c o n s i s t  o f  d i f f e r e n t  ma te r ia l s ,  s o l i d  metal  ( T i )  and graphite-epoxy, 
r e s p e c t i v e l y .  
make t h e  blade unstable w i t h i n  the c a p a b i l i t i e s  of t he  exper imental  wind tunnel  
se t  up. The f o l l o w i n g  sect ions w i l l  b r i e f l y  descr ibe t h e  f l u t t e r  ana lys i s  and 
exper imental  r e s u l t s  f o r  these three blades. 

The p l y  o r i e n t a t i o n s  o f  SR-3C-X2 were s p e c i f i c a l l y  chosen t o  

SR- 5 

A d e t a i l e d  d e s c r i p t i o n  of t he  experimental r e s u l t s  f o r  SR 5 i s  g iven i n  
reference 1 2 .  Also inc luded I n  t h i s  re ference a r e  the  r e s u l t s  o f  a f l u t t e r  
a n a l y s i s  us ing  the  beam code which was descr ibed above. 
assuming a constant  sweep angle o f  1 5 O ,  a r e  summarized i n  f i g u r e  14. 
be seen, the re  i s  on l y  f a i r  agreement between t h e  exper imental  and a n a l y t i c a l  
r e s u l t s .  The o v e r a l l  experimental f l u t t e r  boundary agrees w e l l  w i t h  the c a l -  
c u l a t e d  boundary f o r  a s e t t i n g  angle o f  61'. A comparison o f  f l u t t e r  bounda- 
r i e s  f o r  d i f f e r e n t  s e t t i n g  angles shows the  same t rend.  That i s ,  i nc reas ing  
s e t t i n g  angle i s  a d e s t a b i l i z i n g  e f f e c t .  A cornparison o f  f l u t t e r  boundaries 
f o r  s i m i l a r  s e t t i n g  angles shows only f a i r  agreement between the exper imental  
and c a l c u l a t e d  values. The ca lcu lated values always being somewhat conserva- 
t i v e .  It should be po in ted  out  t ha t  t he  beam method i s  n o t  expected t o  g i v e  
p r e c i s e  values, s ince the s t r u c t u r a l  model i s  n o t  complete. 

These r e s u l t s ,  
As can 

The SR-5 f l u t t e r  ana lys i s  was repeated us ing  the f i n i t e  element method 
descr ibed p r e v i o u s l y .  The f i n i t e  element model f o r  t he  b lade i s  shown i n  
f i g u r e  15.  l h e  r o t a t i n g  frequencies and mode shapes were f i r s t  c a l c u l a t e d  by 
per forming a geomet r f ca l l y  nonl inear steady s t a t e  a n a l y s i s  and then us lng  t h e  
f i n a l  s t i f f n e s s  m a t r i x  i n  a subsequent l i n e a r  f r e e  v i b r a t i o n  ana lys i s .  The 
c e n t r i f u g a l  so f ten ing  t e r m s  were included i n  both steps. The r e s u l t i n g  
Campbell diagram i s  shown i n  f i g u r e  16. 

A lso shown i n  t h e  f i g u r e  a r e  exper imenta l ly  determined n a t u r a l  frequen- 
c i e s  ( r e f .  6 ) .  There i s  good agreement between t h e  p r e d i c t e d  and measured 
f requencies f o r  t he  f i r s t  two modes. These frequencies and mode shapes were 
used i n  the  modal f l u t t e r  ana lys i s ,  ACA/NASTRAN. The r e s u l t i n g  f l u t t e r  bound- 
a r y  i s  shown i n  f i g u r e  17.  As w i t h  the  beam method, the re  i s  good agreement 
between the o v e r a l l  experimental f l u t t e r  boundary and t h e  c a l c u l a t e d  boundary. 
However, when s i m i l a r  s e t t i n g  angles a r e  compared, t he  agreement i s  on l y  f a i r .  
l h e  beam and f i n i t e  element method p r e d i c t i o n  a r e  i n  good agreement and bo th  
a r e  on t h e  conservat ive s ide o f  the exper imental  boundary. 
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SR-3 

The SR-3 model blades were examined f o r  f l u t t e r  s u s c e p t i b i l i t y  bo th  
exper imenta l l y  and a n a l y t i c a l l y .  W i t h i n  the  c a p a b i l i t i e s  o f  t h e  wind tunnel ,  
11700 rpm and Mach 0.82, t he  blades were s tab le .  
bo th  t h e  beam and f i n i t e  element methods. The f i n i t e  element model i s  shown i n  
f i g u r e  18. 
15'. I n  con t ras t  t o  the  experiment, bo th  methods p red ic ted  f l u t t e r  w e l l  w i t h i n  
t h e  t e s t  envelope. 
A s  can be seen, t h e r e  i s  f a i r  agreement between these methods f o r  low r o t a -  
t i o n a l  speed and poor agreement f o r  h i g h  speed. 

The blade was analyzed us ing  

The beam ana lys i s  was conducted assuming a cons tan t  sweep ang le  o f  

The p red ic ted  f l u t t e r  boundaries a r e  shown i n  f i g u r e  19. 

The beam method has the  c a p a b i l i t y  t o  consider bo th  s t r u c t u r a l  damping and 
m is tun ing  ( r e f .  16) .  To determine t h e  s e n s i t i v i t y  o f  SR-3 t o  these two e f f e c t s  
and p o s s i b l y  exp la in  the  discrepancy between ana lys i s  and experiment, add i -  
t i o n a l  f l u t t e r  boundaries were c a l c u l a t e d  cons ide r ing  mis tun ing  and damping 
separa te ly .  The use o f  0.5 percent  s t r u c -  
t u r a l  damping r e s u l t e d  i n  a moderate e f f e c t  on t h e  f l u t t e r  boundary, however, 
t h e  b lade was s t i l l  p red i c ted  t o  f l u t t e r  w i t h i n  the  t e s t  envelope. 
10 percent  a l t e r n a t e  mls tun ing  o f  t h e  bending frequencies r e s u l t e d  i n  a 
s t ronger  e f f e c t .  The e f f e c t  i s  s t rong enough t o  move t h e  f l u t t e r  boundary 
o u t s i d e  t h e  t e s t  envelope. A s  a r e s u l t  o f  t h i s  study, i t  i s  concluded t h a t  
n e g l e c t i n g  mistuning and/or s t r u c t u r a l  damping may cause t h e  f l u t t e r  p red ic -  
t i o n s  t o  be ove r l y  conserva t ive .  

The r e s u l t s  a re  shown i n  f i g u r e  19. 

The use o f  

SR-3C-X2 

I n  a d d i t i o n  t o  the  s o l i d  metal SR-3, t h e r e  i s  a f a m i l y  o f  blades w i t h  t h e  
same geometry bu t  constructed o f  graphi te/epoxy composite m a t e r i a l .  These 
blades a re  known as SR-3C. One se t  i n  t h i s  fam i l y ,  known as SR-3C-X2, was 
b u i l t - u p  w i t h  ~ 2 2 . 5 "  p l y  o r i e n t a t i o n s  s p e c i f i c a l l y  designed t o  make t h e  b lade 
" f l e x i b l e "  and, hence, very suscep t ib le  t o  f l u t t e r .  Th is  s e t  o f  blades was 
subjected t o  extensive wind tunne l  t e s t i n g  and ana lys i s .  A subsequent p u b l i c a -  
t i o n  w i l l  descr ibe t h e  experiments and analyses i n  d e t a i l ,  however, t hey  w i l l  
be summarized here in.  The f i n i t e  element model used was t h e  same as i n  
f i g u r e  18 f o r  SR-3 b u t  t h e  m a t e r i a l  p r o p e r t i e s  were obtained us ing  COBSTRAN 
( r e f .  2 ) .  

The experimental and a n a l y t i c a l  r e s u l t s  a r e  shown i n  f i g u r e  20. As  can 
be seen, the re  i s  poor agreement. Once again, t h e  a n a l y t i c a l  r e s u l t s  a r e  on 
t h e  conservat ive s ide  o f  t he  exper imental  f l u t t e r  boundary. 
mentioned t h a t  t h e  analyses p red ic ted  t h e  b lade t o  be r e l a t i v e l y  i n s e n s i t i v e  
t o  s e t t i n g  angle. 
i s  an area of cu r ren t  study. 
s t r u c t u r a l  damping, three-dimensional aerodynamic e f f e c t s  ( t i p  un load ing  and 
e f f e c t i v e  sweep), and t ranson ic  aerodynamic e f f e c t s .  

I t  should be 

Those areas be ing  considered a r e  mis tun ing ,  
The reasons f o r  t he  very conserva t ive  na tu re  o f  t h e  a n a l y s i s  

SR-7L FLUTlER ANALYSIS 

ASTROMIC Ana lys is  

Since t h e  SR-7L b lade has v a r i a b l e  sweep and has spa r / she l l  composite 
s t r u c t u r e ,  equ iva len t  beam p r o p e r t i e s  must be est imated. Therefore,  t h e  
COBSTRAN f i n i t e  element model was used t o  c a l i b r a t e  t h e  ASTROMIC SR-7L i n p u t  
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data.  Adjustment was then made t o  ASTROMIC m a t e r i a l  p r o p e r t i e s  i n  order  t o  
o b t a i n  good agreement i n  the  f i r s t  bending, second bending, and t h e  f i r s t  t o r -  
s i o n  modes ( f i g .  21). This approach was o n l y  good f o r  these lower modes and 
s t a r t s  t o  break down I n  the  h igher  modes. ASTROMIC does a poor j o b  o f  p r e d i c t -  
i n g  t h e  edgewise mode frequencies.  This i s  seen i n  t h e  l a r g e  discrepancy 
between the  codes f o r  t he  f i r s t  edgewise mode shown. The disagreement i s  
a t t r i b u t e d  t o  the  f a c t  t h a t  ASTROMIC does n o t  i n c l u d e  shear deformat ion and 
r o t a r y  i n e r t i a .  

Based on t h e  geometric f i n i t e  element model, t h e  assumed s t r a i g h t  e l a s t i c  
a x i s  o f  SR-7L was swept 10". This constant sweep angle r e s u l t e d  i n  t h e  e f f e c -  
t i v e  Mach number d i s t r i b u t i o n  shown i n  f i g u r e  22. 
i n p u t  data r e s u l t s  i n  the  ASTROMIC modal damping p r e d i c t i o n s  shown i n  
f i g u r e  23. This  f i g u r e  d i sp lays  the r e l a t i o n s h i p  between damping and f l i g h t  
Mach number a t  a s p e c i f i c  operat ing c o n d i t i o n  (1700 rpm, sea l e v e l ) .  The curve 
f o r  t h i s  mode shows a sharp i n s t a b i l i t y  a t  0.67 Mach number which would n o t  be 
e a s i l y  e l i m i n a t e d  w i t h  increased damping. ASTROMIC p r e d i c t e d  i n s t a b i l i t y  i n  
t h e  f i r s t  mode only .  

Processing o f  t he  SR-7L 

To assess t h e  e f f e c t  o f  a l t i t u d e  on t h e  s t a b i l i ' t y  o f  SR-7L, t he  same 
ASTROMIC a n a l y s i s  was repeated a t  a constant  r o t a t i o n a l  speed (1700 rpm) and 
va r ious  a l t i t u d e s .  
t he  dashed l i n e  i n  f i g u r e  24. Increas ing t h e  a l t i t u d e  appears t o  have a s t a b l -  
l i z i n g  e f f e c t  on SR-7L as can be seen by t h e  movement o f  t he  f l u t t e r  boundary 
t o  t h e  r i g h t  as a l t i t u d e  becomes higher.  I d e a l l y ,  no f l u t t e r  p r e d i c t i o n  should 
occur t o  the  l e f t  o f  t he  f l i g h t  p r o f i l e ,  b u t  as can be seen I n  the  f i g u r e ,  t h e  
f l u t t e r  boundary crosses the f l i g h t  envelope a t  0.80 Mach number. This  was n o t  
cause f o r  concern i n  t h a t  ASTROMIC has been shown t o  underestimate t h e  f l u t t e r  
speeds o f  SR-5. The reasons f o r  t h i s  conservat ism w i l l  be addressed l a t e r  i n  
t h i s  d iscuss ion.  

T h i s  produced the ASTROMIC f l u t t e r  boundary represented by 

ACA/NASTRAN Analys is  

The e f f e c t i v e  Mach number used by ACA/NASTRAN d i f f e r s  considerably  f rom 
t h a t  used i n  ASTROMIC.  The d i f f e r e n c e  comes f rom t h e  way t h a t  t he  aerodynamic 
loads a r e  co r rec ted  f o r  t he  b lade sweep. Whi le ASTROMIC i s  l i m i t e d  t o  a 
constant  sweep angle ( s t r a i g h t  e l a s t i c  a x i s ) ,  ACA/NASTRAN can account f o r  t he  
a c t u a l  v a r i a t i o n  i n  the blade sweep. The e f f e c t i v e  Mach number i n  ACA/NASTRAN 
i s  taken as perpendicu lar  t o  the leading edge and w i l l  thus change n o t  on l y  
w i t h  t h e  r o t a t i o n a l  v e l o c i t y  component b u t  a l s o  w i t h  the  sweep angle. The 
e f f e c t i v e  Mach number d i s t r i b u t l o n  f o r  SR-7L f o r  ACA/NASTRAN, a long w i t h  t h a t  
o f  ASTROMIC i s  shown i n  f i g u r e  22. 

ACA/NASTRAN i s  r e s t r i c t e d  i n  tha t  i t  does n o t  have t ransonic  o r  supersonic 
c a p a b i l i t y  and, t he re fo re ,  cannot handle r e l a t i v e  Mach numbers o f  0.95 o r  
g r e a t e r .  With t h i s  l i m i t a t i o n  and the s p e c i f i e d  r o t a t i o n a l  speed o f  1700 rpm, 
t h e  maximum f l i g h t  Mach number i s  f i xed  a t  0.88. F igu re  25 presents damping as 
a f u n c t i o n  o f  f l i g h t  Mach number f o r  t h r e e  modes a t  f o u r  f l i g h t  speeds (0.40, 
0.60, 0.80 and 0.88 Mach numbers) and a t  a constant  r o t a t i o n a l  speed o f  
1700 rpm (sea l e v e l ) .  Nei ther  mode one o r  t h r e e  approaches i n s t a b i l i t y  a t  0.88 
Mach number. Mode two i s  a predominantly edgewise bending mode f o r  which the  
aerodynamic loads a r e  always smal l .  
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Refe r r i ng  once again t o  the  f l i g h t  envelope depic ted i n  f i g u r e  24, t h e  
ACA/NASTRAN ae roe las t l c  ana lys i s  o f  SR-7L was performed a t  1700 rpm w i t h  
va r ious  a l t i t u d e  cond i t i ons .  
maximum Mach number ( M  = 0.88) c a p a b i l i t y  of t he  code. 

No i n s t a b i l i t y  could be found up through the 

The r e s u l t s  generated by both ASTROMIC and ACA/NASTRAN f o r  SR-7L a r e  
b e l i e v e d  t o  be conservat ive.  
D is regard ing  damping i s  conservat ive s ince both m a t e r i a l  and mechanical (such 
as r o o t  f r i c t i o n )  damping a r e  known t o  have a s t a b i l i z i n g  e f f e c t  on f l u t t e r .  
Second, blade mlstun lng was neglected. Resul ts f rom prev ious s tud ies  on t h e  
e f f e c t  o f  mistuning ( r e f .  17)  i n d i c a t e  t h a t  a moderate amount o f  m is tun ing  can 
a l l e v i a t e  f l u t t e r  problems. Th i rd ,  bo th  ASTROMIC and ACA/NASTRAN use two- 
dimensional aerodynamic theo r ies  which assume t h a t  t h e r e  a r e  an i n f i n i t e  number 
o f  b lade c r o s s  sect ions out  t he  span. This assumption does n o t  a l l o w  f o r  t he  
i n c l u s i o n  o f  t i p  unloading e f f e c t s  which would be inc luded were a f u l l  three-  
dimensional aerodynamic theory used. These t h r e e  dimensional e f f e c t s  have been 
shown t o  move t h e  f l u t t e r  boundary t o  a h igher  ope ra t i ng  c o n d i t i o n .  Neg lec t i ng  
the three-dimensional e f f e c t s  r e s u l t s  i n  lower ope ra t i ng  speed f l u t t e r  p red ic -  
t i o n s .  The f i n a l  reason f o r  conservat ism i s  t he  l i m i t a t i o n s  o f  t he  computer 
codes I n  t h e i r  a b i l i t i e s  t o  r e a l i s t i c a l l y  s imulate t h e  t ranson ic  e f f e c t s .  Both 
codes use a l e s s  than adequate e s t i m a t i o n  o f  t he  t ranson ic  e f f e c t s  which 
appears t o  r e s u l t  i n  conservat ive f l u t t e r  p r e d i c t i o n s .  

F i r s t ,  damping was n o t  inc luded i n  t h e  ana lys i s .  

CONCLUSION-AEROELASTIC ANALYSIS 

1. As  p rev ious l y  described, t he  agreement between a n a l y t i c a l  and exper i -  
mental f l u t t e r  boundaries has ranged from f a i r  t o  poor.  However, t h e  a n a l y t -  
i c a l  p r e d i c t i o n s  have always been on the  conservat ive s ide; t h a t  i s ,  t h e  
p r e d i c t e d  f l u t t e r  Mach number has always been l e s s  than t h a t  measured i n  t h e  
wind tunne l .  The suspected reasons f o r  t h i s  conservat ism have been discussed. 

2. SR-71 i s  p red ic ted  t o  be s t a b l e  over t h e  e n t i r e  f l i g h t  envelope by t h e  
f i n i t e  element method. The more approximate beam method p r e d i c t s  t h i s  blade t o  
be s t a b l e  over most o f  t he  f l i g h t  envelope. A smal l  reg ion  i n  t h e  upper r i g h t  
hand corner  i s  unstable.  I n  l i g h t  o f  t hese  p r e d i c t i o n s  and the  knowledge o f  
t he  conservat ive nature o f  the a n a l y t i c a l  p r e d i c t i o n s ,  t h e  SR-7L i s  judged t o  
be a low r i s k  a e r o e l a s t i c a l l y .  

SUMMARY OF RESULTS 

Four separate analyses were performed on the  SR-7L advanced turboprop 
blade: ( 1 )  a steady s t a t e  d e f l e c t i o n  ana lys i s ;  ( 2 )  a modal ana lys i s ;  ( 3 )  a 
steady s t a t e  stress ana lys i s ;  and ( 4 )  an a e r o e l a s t i c  s t a b i l i t y  ana lys i s .  The 
f i r s t  t h r e e  analyses, forming a complete s t r u c t u r a l  ana lys i s ,  were based on a 
l a r g e  d e f l e c t i o n  f i n i t e  element a n a l y s i s .  The a e r o e l a s t i c  a n a l y s i s  used two 
independent approaches: (1 )  an approximate beam ana lys i s ,  and ( 2 )  a r e f i n e d  
f i n i t e  element ana lys i s .  This study found the  SR-7L blade t o  be s t r u c t u r a l l y  
sound and a e r o e l a s t i c a l l y  s tab le .  However, t h e r e  a r e  gener ic  c h a r a c t e r i s t i c s  
o f  blades o f  t h i s  type which can cause less  c a r e f u l l y  designed blades t o  be 
s t r u c t u r a l l y  and a e r o e l a s t i c a l l y  unacceptable. 

F i r s t ,  m o s t  o f  steady s t a t e  d e f l e c t i o n s  and v i b r a t o r y  mot ion occur i n  t h e  
ou te r  t h i r d  o f  t he  blade whlch i s  very t h i n .  This p a r t  o f  t he  blade i s  a l s o  
h e a v i l y  loaded and, as such, the blade t i p  undergoes g e o m e t r i c a l l y  moderate 
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d e f l e c t i o n s .  Also, due t o  sweep the blade can have a degree o f  v i b r a t o r y  
p l t c h - f l a p  coup l i ng  which i s  det r imenta l  t o  s t a b i l i t y .  

Because the blade i s  so t h i n ,  small d e v i a t i o n s  f rom design s p e c i f i c a t i o n s  
d u r i n g  f a b r i c a t i o n  can have a s i g n i f i c a n t  e f f e c t  on t h e  o v e r a l l  b lade charac- 
t e r i s t i c s .  This was demonstrated by comparing t h e  blade n a t u r a l  f requencies 
w i t h  and w i thou t  a t h i n  p r o t e c t i v e  p a i n t  l a y e r .  Th is  l a y e r  caused one o f  t h e  
c r i t i c a l  n a t u r a l  f requencies t o  change by 3.6 percent .  Consider ing t h a t  reso- 
nance margins a r e  on ly  about 5 percent, a v a r i a t i o n  o f  t h i s  s i z e  can be s i g n i -  
f i c a n t .  As a r e s u l t ,  spec ia l  a t t e n t i o n  must be g i ven  t o  designing, ana lyz ing  
and f a b r i c a t i n g  the  ou te r  p o r t i o n  o f  blades l i k e  SR-7L. 

It was a l s o  found d u r i n g  t h i s  study t h a t  t h e  f l u t t e r  boundaries p r e d i c t e d  
by t h e  approximate and r e f i n e d  analyses d i f f e r e d  s i g n i f i c a n t l y ,  though t h e  
o v e r a l l  ana lys i s  i n d i c a t e d  t h a t  the blade would be s t a b l e  over i t s  e n t i r e  
proposed f l i g h t  envelope. While the approximate beam a n a l y s i s  p red ic ted  some 
f l u t t e r  a t  h i g h  Mach numbers and a l t i t u d e s ,  t he  more r e f i n e d  ana lys i s ,  w i t h  a 
b e t t e r  s t r u c t u r a l  and aerodynamic model, p r e d i c t e d  no f l u t t e r .  Subsequently, 
t he  approximate a n a l y s i s  proved t o  be a good t o o l  f o r  q u a l i t a t i v e l y  examining 
t h e  a e r o e l a s t i c  s t a b i l i t y  o f  SR-7L but i s  n o t  adequate f o r  a d e t a i l e d  study o f  
such a complex blade. For t h a t  matter, even the  r e f i n e d  a n a l y s i s  has d e f i -  
c i e n c i e s  i n  t h a t  three-dimensional aerodynamic t i p  e f f e c t s ,  t ranson ic  e f f e c t s  
and s t r u c t u r a l  damping a re  n o t  included. However, these e f f e c t s  tend t o  
improve s t a b i l i t y ,  and as such, t h e  a e r o e l a s t i c  a n a l y s i s  conducted can be 
considered conservat ive.  

I n  conclusion, w h i l e  t h i s  study found t h e  SR-7L advanced turboprop b lade 
t o  be s t r u c t u r a l l y  sound and a e r o e l a s t i c a l l y  s tab le ,  spec ia l  care must be taken 
when designing, ana lyz ing  and f a b r i c a t i n g  blades o f  t h i s  type. Also, though 
t h e  a n a l y s i s  methods used i n  t h i s  study proved t o  be adequate f o r  SR-7L, t h e r e  
i s  room f o r  cons iderable improvement i n  methodology f o r  s t r u c t u r a l l y  and aero- 
e l a s t i c a l l y  ana lyz ing  advanced turboprop blades, as w e l l  as i n  c o n s t r u c t i o n  
and f a b r i c a t i o n  concepts. 
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Figure 1. - SR-7L turboprop blade. 
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Figure 2. - SR-7L twist and offset. 
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NATURAL FREQUENCIES AT 1700 rpm 
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Figure 12. - Regions of highest spar stress. 



Figure 13. - Regions of highest shell stress. 
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Figure 18. - SR-3 finite element model. 
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